We examined the intracellular site(s) and topology of glucosylceramide (GIcCer) synthesis in subcellular fractions from rat liver, using radioactive and fluorescent ceramide analogues as precursors, and compared these results with those obtained in our recent study of sphingomyelin (SM) synthesis in rat liver [Futerman, Stieger, Hubbard & Pagano (1990) J. Biol. Chem. 265, 8650-8657]. In contrast with SM synthesis, which occurs principally at the cis/medial Golgi apparatus, GlcCer synthesis was more widely distributed, with substantial amounts of synthesis detected in a heavy (cis/medial) Golgi-apparatus subfraction, a light smooth-vesicle fraction that is almost devoid of an endoplasmic-reticulum marker enzyme (glucose-6-phosphatase), and a heavy vesicle fraction. Furthermore, no GlcCer synthesis was detected in an enriched plasma-membrane fraction after accounting for contamination by Golgi-apparatus membranes. These results suggest that a significant amount of GlcCer may be synthesized in a pre-or early Golgi-apparatus compartment. Unlike SM synthesis, which occurs at the luminal surface of the Golgi apparatus, GlcCer synthesis appeared to occur at the cytosolic surface of intracellular membranes, since (i) limited proteolytic digestion of intact Golgi-apparatus vesicles almost completely inhibited GlcCer synthesis, and (ii) the extent of UDP-glucose translocation into the Golgi apparatus was insufficient to account for the amount of GlcCer synthesis measured. These findings imply that, after its synthesis, GlcCer must undergo transbilayer movement to the luminal surface to account for the known topology of higher-order glycosphingolipids within the Golgi apparatus and plasma membrane.
INTRODUCTION
Although the biochemical pathways of glycosphingolipid (GSL) synthesis are well established (Kishimoto, 1983) , little is known about the regulation of synthesis or the mechanisms of intracellular transport of GSLs (Schwarzmann & Sandhoff, 1990) . It is thought that the sequential glycosylation of GSLs by glycolipid glycosyltransferases occurs as the maturing GSL moves vectorially from the endoplasmic reticulum (ER) through the Golgi apparatus (Wattenberg, 1990 ), but few of the glycosyltransferases have been purified to homogeneity or assigned to specific sites along the ER-Golgi-apparatus pathway (Trinchera & Ghidoni, 1989 . The intracellular site and topology of glucosylceramide (glucocerebroside) (GIcCer) synthesis, the precursor of many complex GSLs, has been studied using subcellular fractions from porcine submaxillary glands (Coste et al., 1985 (Coste et al., , 1986 , in which GIcCer synthesis was reported to occur at the cytosolic surface of the Golgi apparatus, whereas previous studies suggested that GlcCer synthesis occurs in smooth microsomes [reviewed by Kishimoto (1983) and Sasaki (1990) ]. In the present study we have investigated the site of GlcCer synthesis in wellcharacterized subcellular fractions from rat liver. We show that the enzyme responsible for GlcCer synthesis, namely UDPglucose: ceramide glucosyltransferase (ceramide glucosyltransferase, EC 2.4.1.80) (GlcCer synthase), is found in microsomal subfractions, and is distributed among a heavyvesicle (HV) fraction, a light-smooth-vesicle (LSV) fraction that is essentially devoid of ER contamination, and a cis/medialGolgi-apparatus fraction. Further, we found that the enzyme is located at the cytosolic surface of these vesicles. The implications of these findings with regard to intracellular GSL traffic, sorting and regulation are discussed.
MATERIALS AND METHODS

Materials
Rats were obtained from Charles River Laboratories (Wilmington, MA, U.S.A.). Ultrapure sucrose was purchased from Schwarz-Mann. UDP-D-[6-3H]galactose (20 Ci/mmol), UDP-D-[U-'4C]galactose (303 mCi/mmol) and UDP-D-[U-'4C]glucose (313 mCi/mmol) were from Amersham Corp. Trypsin (TRL-3 grade) and chymotrypsin (CDI grade) were from Worthington. N-{6-[(7-Nitrobenzo-2-oxa-1,3-diazol-4-yl)amino]hexanoyl}-D-erythro-sphingosine, (C6-NBD-Cer) was from Molecular Probes (Eugene, OR, U.S.A.). Antiserum directed against rat liver Golgi-apparatus mannosidase II (Moremen & Touster, 1985) t To whom correspondence should be sent.
Vol. 280 hydroxysuccinimide ester of 1-[14C]hexanoic acid (Schwarzmann & Sandhoff, 1987) .
Subcellular fractionation
An intact Golgi-apparatus fraction (Bergeron et al., 1982) , a plasma-membrane (PM) fraction (Hubbard et al., 1983) and Golgi-apparatus (microsomal) subfractions (Ehrenreich et al., 1973) were prepared as described by Futerman et al. (1990) , with some modifications. For the intact Golgi-apparatus isolation procedure, the rotating Potter-Elvehjem homogenizer was used at 2700 rev./min. Five fractions were collected after centrifugation: fraction a, band at the air/0.2 M-sucrose interface; fraction b, intact Golgi apparatus; fraction c, remaining gradient after removal of band b; fraction d, residual load zone; fraction e, pellet (see Table 1 below).
For the Golgi-apparatus (microsomal) subfraction isolation procedure, in addition to collecting enriched light (GL; fraction 1), intermediate (GI; fraction 2), and heavy (GH; fraction 3) Golgi-apparatus subfractions, microsomal fractions were obtained from the 1.0/1.15 M-sucrose interface (fraction 4), the residual load zone (1.15 M-sucrose; fraction 5) and the pellet (fraction 6) (see Table 2 below).
Measurement of GicCer synthesis and glucosylceramidase activity
Defatted BSA-{14C]hexanoyl lipid and defatted BSA-C6-NBD-Cer complexes were prepared and stored as described by Futerman et al. (1990) . GlcCer synthesis was assayed by incubating aliquots of liver fractions with a BSA-Cer complex and UDP-Glc (see the Results section) and analysing the amount of GlcCer produced. Glucosylceramidase activity was assayed by incubating liver fractions with BSA-[14C]hexanoyl GlcCer and analysing the amount of [14C]hexanoyl-Cer produced. Lipids were separated by t.l.c. and recovered from the plates by scraping, and radioactivities were determined by liquid-scintillation counting in a Packard Minaxi (Tri-Carb 4000; Packard Instrument Co., Downers Grove, IL, U.S.A.) liquid-scintillation counter using Beckman Ready Safe scintillant (Beckman Instruments, Fullerton, CA, U.S.A.). Background radioactivity was measured by incubating ['4C] hexanoyl-Cer in 25 mM-KCI/50 mM-Tris, pH 7.4 (TK buffer) at 37°C in the absence of any liver fractions, scraping and counting the area corresponding to ['4C] hexanoyl-GlcCer, and subtracting this from the radioactivity in [14C] hexanoyl-GlcCer in the corresponding experimental lane (Futerman et al., 1990) . Fluorescent lipid products were quantified after t.l.c., scraping, and extraction (Bligh & Dyer, 1959) by measurement of relative fluorescence intensities using an SLM Aminco 8000C spectrophotofluorimeter.
Proteinase treatment of liver fractions
An aliquot of fractions b or d from the intact Golgi-apparatus isolation procedure was incubated with trypsin or chymotrypsin (liver protein/proteinase ratio 2:1, w/w) at 30°C for 30 min. The trypsin digestion was stopped by addition of soybean trypsin inhibitor (soybean-trypsin-inhibitor/trypsin ratio 2: 1, w/w) before assay of GlcCer synthesis. In control incubations, soybean trypsin inhibitor was added alone. The chymotrypsin reaction was not stopped before assay of GlcCer synthesis.
Translocation of 14CIUDP-Glc and 114CIUDP-Gal Sugar-nucleotide translocation into Golgi-apparatus vesicles was measured by a centrifugation method (Perez & Hirschberg, 1985) , with some modifications. An (Spik et al., 1979) , either 1 mM-ATP or 1 mM-NADH was included in the incubation buffer (a 2-fold increase in translocation of either [14C]UDP-Glc or [14C]UDPGal was observed in the presence of either ATP or NADH; results not shown). After 15 min at 37°C, the samples were cooled on ice and centrifuged (Beckman TL-100 centrifuge; 1263000 gav; O min; 4 C) and the supernatant was discarded.
The pellet was gently washed twice with 1 ml of cold 0.25 M-sucrose/25 mM-KCl/50 mM-Tris, pH 7.4 (STK buffer), resuspended in 500,1u of TK buffer containing Triton X-100 (1 %, v/v), and radioactivity measured by scintillation counting (see above).
Miscellaneous procedures
Protein concentrations, and galactosyltransferase, alkaline phosphodiesterase and glucose-6-phosphatase activities were measured as described by Futerman et al. (1990) . /3-NAcetylglucosaminidase activity was determined by the method of Scalera et al. (1980) .
For electron microscopy, samples were fixed in glutaraldehyde (2 %, v/v)/formaldehyde (0.8 %, v/v)/0. 1 M-sodium cacodylate, pH 7.4, before centrifugation (Futerman et al., 1990) . Representative thin sections were then prepared from the middle region of the pellet for each membrane fraction.
RESULTS
I44ClHexanoyl-GlcCer synthesis in liver homogenates
We have recently shown that [14C]hexanoyl-Cer spontaneously transfers between BSA-lipid complexes and rat liver membranes, (Futerman et al., 1990 UDP-Glc (5 mM) (see, for example, the effect of increasing UDPGlc concentrations on [14C] hexanoyl GIcCer synthesis in an intact Golgi apparatus fraction; Fig. 2c below) , to minimize the effects of nucleotide pyrophosphatase activity (Spik et al., 1979) , which degrades UDP-Glc and consequently diminishes GlcCer synthesis at low concentrations (50 /tM) of UDP-Glc (Coste et al., 1985 (Coste et al., , 1986 . Inhibitors of nucleotide pyrophosphatase, such as 2-dimercaptopropanol (5 mM) (Faltynek et al., 1981) or NADH (1 mM) (Coste et al., 1985; Shukla & Radin, 1990) , had no effect on [14Cjhexanoyl-GlcCer synthesis when 5 mM-UDPGlc was used (results not shown), and therefore were not included in incubation buffers.
['4C]Hexanoyl-GlcCer synthesis was enhanced by MnCl2 ( Fig.  1) , MgCl2 ( Fig. 1) , and CaCl2 (results not shown), but was slightly inhibited by EDTA (0.5 mM) (results not shown). Subsequent assays of [14C]hexanoyl-GlcCer synthesis in subcellular fractions of rat liver were therefore performed in the presence of 5 mM-MnCI2.
14CIHexanoyl-GlcCer synthesis in fractions obtained by the intact Golgi-apparatus isolation procedure
The distribution of GlcCer synthase in rat liver was examined by measuring [14C]hexanoyl-GlcCer synthesis in fractions obtained by the intact Golgi-apparatus isolation procedure (Bergeron etal., 1982) . Standard incubation conditions were chosen for the intact Golgi-apparatus fraction (50 ,ug of protein; 15 min at 37°C; 5 mM-UDP-Glc; 5 nmol of [14C]hexanoyl-Cer; (Futerman et al., 1990) approx. 55 % of recovered SM synthase was obtained in fraction b. The higher recovery of SM synthase in fraction b in the current experiments may be due to both increasing the yield of this fraction (see footnote t), and to the fact that SM synthase was measured under conditions optimized for the assay of GlcCer synthesis (see above), not SM synthesis (Futerman et al., 1990) .
t Previously (Futerman et al., 1990) approx. 56 % of recovered galactosyltransferase activity was obtained in fraction b. The higher recovery of galactosyltransferase in our present experiments was due to slightly increasing the volume and consequently the yield of fraction b. This fraction was still virtually devoid of marker enzymes for other subcellular compartments, indicating little cross-contamination by other membranes. Furthermore, by immunoblotting (Futerman et al., 1990 ) the majority of mannosidase II, a cis/medial-Golgi-apparatus marker (Dunphy & Rothman, 1983) Futerman et al., 1990) were in the intact Golgi-apparatus fraction (Table 1) , but only 42 % of the recovered [14C]hexanoyl-GlcCer synthesis was recovered in this fraction (Table 1) , with an enrichment of 32-fold relative to the homogenate (see Table 3 below). Significant amounts of [14C]hexanoyl-GlcCer synthesis were detected in fractions d (28.5 %) and e (21 %), which contained small amounts of SM synthase and galactosyltransferase, with no enrichment relative to the homogenate. Only 50-60 % of the synthesis in fractions d and e could be accounted for by Golgi-apparatus membranes present in these fractions, suggesting that [14C] hexanoyl-GlcCer was synthesized at more than one intracellular location. This is in contrast with [14C]hexanoyl-SM synthesis, which occurs almost exclusively at the Golgi apparatus, where synthesis is enriched by 85-98-fold relative to the homogenate (Futerman et al., 1990) .
When liver homogenates were incubated with [14C]hexanoylGlcCer, some degradation to [14C]hexanoyl-Cer was observed, presumably due to glucosylceramidase (glucosylcerebrosidase) activity. The distribution of glucosylceramidase activity in fractions obtained by the intact Golgi-apparatus isolation procedure was then examined to determine the intracellular location of this activity. Most of the recovered activity (74.5 %) was in fraction e, which also contained most (84%) of the lysosomal marker enzyme /J-N-acetylglucosaminidase (Table 1 ). In addition, there was no enrichment of glucosylceramidase in an isolated PM preparation (not shown), suggesting that this activity is located in lysosomes (Weinreb et al., 1968) rather than the PM.
Glucosylceramidase activity was decreased by 90 % at pH 7.4 compared with pH 5.5 (Fig. 3a) , suggesting that this activity is an acid rather than a neutral glucosylceramidase. Further, some of the enzymes that degrade sphingolipids with neutral pH optima are affected by bivalent cations (e.g. neutral sphingomyelinase: Hostetler & Yazaki, 1979; Futerman et al., 1990; neutral ceramidase: Slife et al., 1989) . However, EDTA (1 mM), CaCl2 (10 mM), MnCl2 (10 mM), and MgCl2 (5 mM) had no effect on glucosylceramidase activity at pH 7.4 in rat liver homogenates (results not shown).
Attempts were made to minimize acid glucosylceramidase activity by performing incubations at pH 8.0 to eliminate the possibility that some newly synthesized [14C] § The distribution of each parameter for a given fraction is calculated as the ratio of the activity in that fraction divided by the total recovered activity (footnote t) x 100. The distribution of protein and enzyme activities in fractions 1-3 is the sum of the distributions in individual subfractions 1, 2 and 3. 
14CIHexanoyl-GlcCer synthesis in microsomal subfractions
To examine further the distribution of GlcCer synthase in subcellular compartments of rat liver, [14C]hexanoyl-GlcCer synthesis was measured in Golgi-apparatus and microsomal subfractions. A microsomal suspension was subfractionated on a discontinuous sucrose gradient (Ehrenreich et al., 1973; Futerman et al., 1990) , and the distribution of marker enzymes was examined. About 30 % of the recovered galactosyltransferase and 39 % of the sphingomyelin (SM) synthase was in the pooled Golgi-apparatus subfractions (fractions 1-3, Table 2 ), which contained similar amounts of glucose-6-phosphatase (< 1 %) and alkaline phosphodiesterase (100%), as previously reported (Bergeron et al., 1982; Futerman et al., 1990) . Only 16% of GlcCer synthase was in fractions 1-3, with the highest specific activity in the heavy Golgi-apparatus subfraction (fraction 3, GH) (Table 3) , which has the highest specific activity of the cis/medial-Golgi-apparatus marker enzyme mannosidase II, and of SM synthase (Futerman et al., 1990) .
The distribution and specific activities of SM and GlcCer synthase also differed significantly in fractions 4 and 5. Of the GlcCer synthase, 32 % was in fraction 4, which contained 22 % of the recovered SM synthase and 23 % of galactosyltransferase. The specific activity of GlcCer synthase in fraction 4 was only 1.7-fold lower than in the heavy-Golgi-apparatus subfraction (Table 3) , whereas the specific activity of SM synthase in fraction 4 was 4.7-fold lower than in the heavy-Golgi-apparatus subfraction (results not shown). Fraction 4 had a density of 1.135 g/ml and consisted of a mixture of small smooth vesicular and cisternal elements (Fig. 4a) [light smooth vesicle (LSV) fraction], and contained only 4 % of the ER marker glucose-6-phosphatase. About 43 % of the GlcCer synthase and 29 % of the SM synthase were in fraction 5, and the specific activities of both GlcCer (Table 3) and SM synthase (results not shown) in fraction 5 were approx. 8-fold lower than in the LSV fraction.
Fraction 5 had a density of 1.145 g/ml and consisted of a mixture of small smooth vesicles and small vesicles studded with ribosomes ( Fig. 4b; Vol. 280 Table 4 . Effect of proteinase treatment on GicCer synthesis in the intact Golgi-apparatus fraction Intact Golgi-apparatus fractions were treated with proteinases as described in the Materials and methods section.
[14C]Hexanoyl-GlcCer and C6-NBD-GlcCer synthesis were measured using standard incubation conditions ( Table 1 ), except that the reaction was allowed to proceed for 30 min.
Results are expressed as percentages of the activity of control samples that were not treated with proteinase and are the means for two experiments. fraction]. These vesicles are presumably mainly derived from the ER, as 48 % of the glucose-6-phosphatase was recovered in this fraction, although significant amounts of a PM marker enzyme, alkaline phosphodiesterase (42 %), were also present. Only 9 % of GlcCer synthase was in fraction 6, which consisted predominantly of rough vesicles derived from the ER ( Fig. 4c ; see Bergeron et al., 1978; Bretz et al., 1980) [rough microsome (RM) fraction], and contained most of the lysosomes, since 69 % of the,8f-N-acetylglucosaminidase and 57 % ofglucosylceramidase were recovered in this fraction. The recovery of marker enzymes in the RM fraction is similar to that previously obtained (Futerman et al., 1990 ) using an established RM isolation procedure (Adelman et al., 1973) . We conclude that GIcCer synthesis is distributed among the LSV, heavy Golgi apparatus and HV fractions, and that some GlcCer synthesis in both the heavy Golgi apparatus and HV fractions may be due to contamination by membranes derived from the LSV fraction.
[14C]Hexanoyl-GlcCer synthesis was examined in an isolated PM sheet preparation (Hubbard et al., 1983) . Small amounts of [14C]hexanoyl-GlcCer were synthesized (specific activity 111 pmol/min per mg of protein). The amount of synthesis in the PM fraction resulting from contamination by Golgi-apparatus membranes was estimated using the recoveries of protein and marker enzymes in the PM fraction, and using the specific activity of [14C]hexanoyl-GlcCer synthesis in the Golgi-apparatus fraction (see Futerman et al., 1990 ). All of the [14C]hexanoylGlcCer synthesis in the PM fraction could be accounted for by contaminating Golgi-apparatus membranes, indicating that GlcCer synthesis in the HV fraction was not due to residual PM but rather to microsomes derived from the ER.
Topology of GIcCer synthesis
The topology of GlcCer synthase was examined by incubating intact Golgi-apparatus vesicles with either trypsin or chymotrypsin and subsequently assaying the synthesis of GlcCer using either [14C]hexanoyl-Cer or C6-NBD-Cer as substrate. Treatment with either proteinase almost completely abolished GlcCer synthesis from either of the ceramide (Cer) analogues (Table 4) under conditions in which the activity of the luminal Golgi-apparatus enzymes, SM synthase (Table 4) than 800% of the activity was associated with the high-speed pellet and this value was not significantly altered after treatment with 1 M-NaCl (results not shown). Although some glycosyltransferases can be solubilized by limited proteolytic digestion (reviewed by Paulson & Colley, 1989) , our initial attempts to solubilize GlcCer synthase by trypsin or chymotrypsin digestion were unsuccessful.
The translocation of UDP-Glc into intact Golgi-apparatus vesicles from rat liver was also measured. A small amount of UDP-Glc was translocated into Golgi-apparatus vesicles, with a Vmax. of 12 pmol/min per mg of protein (Fig. 5 ). This value is higher than that reported for UDP-Glc translocation into cat liver Golgi vesicles (Vmax. of 0.15 pmol/min per mg of protein; Persat et al., 1984) , into the Golgi apparatus of CHO cells (V'ax of 1.2 pmol/min per mg of protein ; Deutscher & Hirschberg, 1986) or into rough microsomes from rat liver (Vmax. of 9.7 pmol/min per mg of protein; Perez & Hirschberg, 1986) , but nevertheless substantially lower than the Vmax. of UDP-Gal translocation into rat liver Golgi-apparatus vesicles (Vmax. 75 pmol/min per mg of protein, Fig. 5 ) (see also Yusuf et al., 1983) . Thus GlcCer synthesis cannot occur at the luminal surface ofthe Golgi apparatus, since the specific activity of [14C]hexanoylGlcCer synthesis was 415 pmol/min per mg of protein (Table 3 ). Previous reports using subcellular fractions from porcine submaxillary glands suggested that GlcCer synthase is primarily associated with the Golgi apparatus (Coste et al., 1985 (Coste et al., , 1986 Kishimoto, 1983) , but these fractions contain membranes derived from both the ER and the Golgi apparatus.
In the present study we have shown that significant amounts of GlcCer synthesis in rat liver occurred in an enriched intact Golgi-apparatus fraction (Table 1) , with the highest specific activity in a heavy-(cis/media/) Golgi-apparatus-subfraction (Table 3) . However, significant synthesis also occurred in two microsomal fractions, a light-smooth-vesicle fraction (LSV) and a heavy-vesicle fraction (HV) ( Tables 2 and 3 transport between the medial-and trans-cisternae of the Golgi apparatus Quinn et al., 1983) . In these studies GIcCer accumulated, implying that it is synthesized early in the ER-Golgi-apparatus pathway. These results, as well as the present ones, strongly suggest that GlcCer synthesis occurs in the smooth ER, a pre-Golgi apparatus compartment, or in an early Golgi-apparatus compartment. This wide distribution of GlcCer synthesis is in marked contrast with SM synthesis in rat liver, which is localized almost exclusively (87 %) at the Golgi apparatus, with no detectable synthesis occurring at any other intracellular location, except for small amounts (13 %) of synthesis at the PM (Futerman et al., 1990) . Determination of the precise intracellular location of GlcCer synthase awaits the isolation of the enzyme, followed by immunolocalization; preliminary steps in this direction have been taken with the solubilization by detergents of GlcCer synthase from porcine submaxillary glands (Durieux et al., 1990) .
The possibility that GlcCer is synthesized in a vesicular compartment of density intermediate between the smooth ER and an early Golgi compartment is of particular interest, given recent findings of a 'salvage' or 'intermediate' compartment that may mediate vesicular transport between the ER and the Golgi apparatus (see Groesch et al., 1990) . To date, there are no studies on either the lipid composition or the biosynthetic ability of the intermediate compartment. Since vesicle fission, sorting and fusion may depend in part upon the topology and composition of lipids within intracellular vesicles, the synthesis of GlcCer in a compartment of density intermediate between the smooth ER and an early Golgi compartment may provide a means for regulating lipid composition and perhaps the ability of this compartment to mediate vesicular events.
An earlier report (Coste et al., 1986) suggests that GlcCer synthesis occurs at the cytosolic surface of the Golgi apparatus in porcine submaxillary glands. We have confirmed this by demonstrating that proteinases destroy GlcCer synthesis in intact Golgi-apparatus vesicles from rat liver when both radioactive and fluorescent Cer analogues are used as substrates. We have also shown that UDP-Glc translocation into Golgi-apparatus vesicles cannot provide enough UDP-Glc for GlcCer synthesis at the luminal surface of the Golgi apparatus, supporting the conclusion that GlcCer is synthesized at the cytosolic surface of intracellular vesicles. This result is nevertheless surprising, since most GSLs are localized at the external leaflet of the PM (Hakamori, 1981) , which is topologically equivalent to the luminal leaflet of the Golgi apparatus where glycolipid glycosyltransferases are believed to be localized (Paulson & Colley, 1989) . Thus GlcCer must be translocated across the membranes of the Golgi apparatus to be further glycosylated to form higherorder GSLs. No evidence for GlcCer translocation exists at present, but phospholipid translocases exist in both the ER and PM [reviewed by Pagano (1990) and Zachowski & Devaux (1990) ]. The regulation of GlcCer translocation may provide a means for controlling the subsequent steps of GSL synthesis.
